AND CONCLUSIONS
1. Repeated stimulation of the siphon skin results in short-term habituation of the reflex contractions of the gill (38). The habituation, in turn, is correlated with a depression of the excitatory postsynaptic potentials (EPSPs) in motor neurons from mechanoreceptor sensory neurons (SN) (7, 16). The present study was undertaken to examine the parametric features of the synaptic depression and gain insights into the mechanisms underlying the reduced transmitter release.
2. Single sensory neuron action potentials were repeatedly elicited with depolarizing current pulses while the amplitude of the resultant EPSPs in the motor neuron was monitored. Synaptic depression varies as a complex function of interstimulus interval (ISI). At an ISI of 1 s, depression is rapid and reaches a plateau at 36% of control. In contrast, the depression at an IS1 of 100 s is less pronounced, showing a gradual decay to 65% of control with the 10th EPSP. Surprisingly, there are no significant differences in time course or magnitude of depression across a broad range of intermediate ISIS (3, 10, and 30 s), although depression at these ISIS is intermediate between the 1 and 100 s ISIS, 3. There is also a complex relationship between spike interval and the depression of the second of two EPSPs. Thus, depression of the second of two EPSPs or depression of a train of EPSPs is not a monotonic function of spike interval. Indeed, the data suggest that there may be a slight underlying facilitatory process with short spike intervals.
INTRODUCTION
The defensive gill-withdrawal reflex in Aplysia has been utilized as a model system to analyze the cellular mechanisms underlying a number of behavioral modifications, including short-and long-term habituation, sensitization, and classical conditioning ( 12, 12a, 36, 38) . The neural pathways mediating the behavior have been well described. A tactile stimulus to the skin excites the afferent terminals of mechanoreceptor sensory neurons whose cell bodies are located within the abdominal ganglion (6, 16). The sensory neurons in turn make direct excitatory connections to motor neurons and interneurons also located within the ganglion (3, 16, 21). Tactile stimulation of the skin can also trigger a relatively all-or-none component of gill withdrawal that is mediated by a cluster of command and pattern-generating neurons collectively referred to as interneuron II (8, 24, 31, 38; unpublished observations). This network is activated by the mechanoreceptor afferents that make connections to other interneurons and motor neurons (unpublished observations). In addition to these neural elements located in the central nervous sys-tern (CNS), a peripherally mediated component also exists (9, 34). At least some of the peripheral motor neurons are activated by collaterals of the mechanoreceptor sensory neurons identified ( 1) .
Repeated stimulation of the siphon skin results in habituation of the reflex (38), which is correlated with decreased transmitter release from the sensory neurons (14) and, depending on stimulus intensity and intervals, a decreased probability of recruiting the interneuron II component (24). An additional site of plasticity in the reflex is the periphery (1, 34) .
Of the various sites in the gill-withdrawal circuit, the terminals of the sensory neurons appear particularly interesting because, in principle, plastic changes here could produce the modifications observed at other sites. Reduction in sensory neuron transmitter release would reduce the excitatory drive on excitatory interneurons, central motor neurons, and peripheral motor neurons and presumably decrease the probability of triggering the interneuron II component.
Despite the fact that much is known about the neural circuit for gill withdrawal and the neural loci involved in habituation, a parametric analysis of synaptic depression associated with habituation has not been conducted. The present analysis examines the kinetics of synaptic depression in sufficient detail to gain some insight into the underlying presynaptic mechanisms. In particular, I have examined whether the synaptic depression can be explained by a classical depletion model (33) or whether more complex models must be invoked. The analysis of the synaptic depression, therefore, forms a data base on which various quantitative models of the release process can be tested.
A preliminary report of these findings has recently been presented (4).
METHODS
The general experimental preparation and techniques have been previously described in detail (2, 7). An isolated reflex preparation consisting of the gill, siphon, and a portion of the ink gland with the abdominal ganglion and its intact peripheral nerves (branchial, genital, and siphon) was utilized (7). The preparation was maintained at 15 & 1 OC with a feedback-controlled thermoelectric cooling unit. Motor neurons were identified by their characteristic locations, spontaneous input, nerve-evoked input, and motor effects (2, 11, 19, 29, 3 1, 35). Motor neurons were first identified with the ganglion perfused with artificial seawater (ASW). After neuron identification the chamber was perfused with a solution containing 3 times the normal concentrations of Mg2+ and Ca2+ (7) to reduce background activity and the probability of recruiting polysynaptic input when synaptic connections were examined. The high divalent cation solution also prevents the high-frequency burst of spikes typically observed in the sensory neurons during impalement in artificial seawater (6) and thus prevents decrement of their synaptic connections prior to testing.
While the use of a high divalent cation solution is essential for performing the quantitative analysis of synaptic depression, it might be argued that the solution itself alters the depression. Several lines of evidence suggest that this is not the case. For one, the ratio of Ca2+ and Mg2+ was adjusted to maintain constant release (see Ref.
7). Even if release was altered slightly, the synaptic depression would probably not be altered, since it has been shown previously that the magnitude of synaptic depression is relatively insensitive to levels of release ( 14; see also Figs. 12-18 of Ref. 23). Furthermore, the synaptic depression of the monosynaptic EPSP at ISIS of 10 s observed in this study is qualitatively similar to the synaptic depression at ISIS of 10 s observed in normal ASW (see Ref. 16, 37) .
Although there are at least six motor neurons that contribute to the reflex withdrawal of the gill (3 1 ), I have focused on a single major motor neuron, cell L7 (3 1 )* In several cases the connections to the identified LB siphon motor neurons (39, L16 (2, 21), and L14 (2, 3, Xl) were examined. Previous reports indicate that there is no difference in the synaptic depression of the sensory neurons onto the various follower cells (3, 14).
The selection of putative sensory neurons for impalement was based on their characteristic size, pigmentation, and location on the left ventral surface of the ganglion (6). Only sensory neurons of the LE cluster (2,6) were examined. After neuron impalement, a single action potential was produced in the putative sensory neuron to ensure that it made a connection to the motor neuron. Additional tests were then performed to verify that the cell impaled was a sensory neuron. These tests included delivering a single brief (5 ms) maximal-intensity shock to the peripheral nerves and connectives, including the left and right connectives, and the branchial, pericardial, and genital nerves. The sensory neurons receive minimal synaptic input from these pathways, being restricted to small slow potential changes (6, 21).
In contrast, other small interneurons in the vicinity of the sensory neurons are either antidromitally activated by nerve stimulation or receive pronounced fast and slow synaptic input (2, 21). Thus, an impaled cell was examined further if it lacked both antidromic input from the connectives and pronounced synaptic input from connectives and peripheral nerves. An internal control for the viability of the pathways was the pronounced synaptic input that the nerve stimulation produced in the motor neuron. The most direct test for identifying an LE sensory neuron is its ability to be activated nonsynaptically by electrical stimulation of the siphon nerve or by mechanical stimuli to the siphon skin (6). These procedures were not utilized before a synaptic-decrement test in order to avoid prior decrement of the sensory neuron synapse. Indeed, the procedures outlined above ensure that individual sensory neurons typically were not fired more than once prior to a decrement test (see also below).
To control for the state of arousal of the animal and long-term decrement of the sensory neuron synapses (13), animals were maintained in separate chambers (at 15OC), dissections were performed under Mg*+ anesthesia (1 l), and only a single decrement test was performed on each cell. After impalement, each sensory neuron was rested 30 min prior to the decrement test in order to recover from the trauma of impalement and to allow sufficient time for recovery from possible depression produced by the initial test EPSP (see above) and any heterosynaptic facilitation produced by the nerve and connective stimulation (15, 16, 22, 27). A 30-min rest period was selected, since previous behavioral data indicate that this time is necessary for about 90% recovery from habituation (38). After the 30-min rest period a series of action potentials were elicited in the sensory neuron with successive 50-ms depolarizing current pulses and the peak amplitude of the EPSPs in the motor neuron was monitored. In order to avoid large quanta1 fluctuations and contamination of the EPSP measurement by electrical noise, data were not analyzed from experiments where the first EPSP in a decrement run was less than 0.5 mV. Because of the "cutoff' in the size of the EPSPs used, nonparametric (40) rather than parametric statistics are used throughout the paper. Overall group differences were determined with a Kruskal-Wallis H test while between-group differences were determined with a Mann-Whitney U test. Occasionally, spontaneous inhibitory postsynaptic potentials (IPSPs) occurred during the decrement run, which obscured the EPSP from the sensory neuron. In such cases these EPSPs were not included in the analysis. If the first EPSP in a decrement run was obscured by a spontaneous IPSP, the run was aborted and a new sensory cell was impaled. Data acquisition was terminated if more than a 3-mV change in the motor neuron resting potential occurred during a run. The 3-mV criterion was selected arbitrarily prior to the experiments.
The analysis of the depression of the EPSPs produced by the sensory neuron was done in a sequential fashion. For example, in the first cell impaled depression at an ISI of 1 s was examined. The next cell impaled either in the same experiment or the next experiment was then tested at an IS1 of 3 s, and so forth. Gradually data accumulated until at least 12 cells were examined at each ISI.
RESULTS
The standard procedure utilized in these studies was to elicit repeatedly single sensory neuron action potentials with depolarizing current pulses and monitor the amplitude of the resultant excitatory postsynaptic potential (EPSP) in the motor neuron, Ten successive stimuli were presented at ISIS of either 1, 3, 10, 30, or 100 s. In some cases an 1 lth EPSP was elicited at a time greater than the IS1 to test for recovery from depression.
Synaptic decrement to a train uf 10 stimuli
Typical results for an IS1 of 1 s are illustrated in Fig. 1 . Repeated stimulation produced a rapid depression, which reached a rather stable plateau after several responses. An 11 th EPSP was then elicited 100 s after the 10th. Its size was comparable to the first EPSP, indicating that in this case complete recovery had occurred during the intervening 100 s (see also Fig. 4 and below) .
Group data from 62 cells in 37 different experiments are illustrated in Fig. 2 . At least 12 cells were examined at each ISI. The amplitude of the first EPSP in each individual decrement run was scored as 100%. The median amplitude of the first EPSP in the 62 decrement runs illustrated was 1.22 mV (semi-interquartile range, 0.62; y1 = 62). There were no significant differences in the median size of the first EPSP at each of the five ISIS tested. Figure 2 illustrates that there is a complex relationship between synaptic depression and ISI. At an ISI of 1 s there is a rapid depression, which reaches a plateau at 36% of control. In contrast, the depression at an ISI of 100 s is less pro- Simultaneous recordings were made from gill motor neuron L7 and an LE mechanoreceptor sensory neuron, After a 30-min rest period, the sensory neuron was fired with a train of 50-ms depolarizing current pulses at an ISI of 1 s. There is a rapid depression of the first several EPSPs followed by a relatively stable period of depressed EPSPs. After a 100-s rest period, an 11 th EPSP was elicited that is equal to the size of first EPSP, indicating that complete recovery from depression had occurred during the 100-s rest period.
nounced, showing a gradual decay to 65% of control with the 10th EPSP. Surprisingly, the depressions at ISIS of 3, 10, and 30 s, while intermediate between the I-and lOOs ISI depressions, do not seem to differ from each other in time course or magnitude. A Kruskal-Watlis H test revealed significant overall differences in the depression of the 10 responses at the five ISIS (P c 0.01; H, 18.6; df, 4). Subsequent two-tailed MannWhitney U tests revealed that the depression at an IS1 of 1 s is different from ISIS of 3, 10, 30, and 100 s (P < 0.05). The depression at ISIS of 3, 10, and 30 s is also different from ISIS of 100 s (P < 0.05) but there is no difference in the depression at ISIS of 3, 10, or 30 s.
Since the size of the initial EPSP used in the analysis varied (0.5-7.3 mV), I examined the possibility that depression (or the ability to measure depression adequately) depends on the initial amplitude of the EPSP. The depression runs at each IS1 were divided into two equal groups on the basis of initial EPSP amplitude. At each IS1 the group with the larger initial EPSPs (overall median, 2.0 mV) showed no consistent difference in depression from the group with smaller initial EPSPs (overall median, 0.8 1 mV), indicating that under the conditions of this study the initial EPSP size is unrelated to the degree of depression.
Relationship between spike interval and second uf two EPSPs
There is also a complex relationship between spike interval and the depression of the second of two EPSPs. Depression is defined as: I -EPSP2/EPSPI, where EPSP] is the size of the first EPSP and EPSPz the size of the second EPSP. Thus, a depression value of 1 represents maximal depression (e.g., the second EPSP is zero) and a depression value of 0 represents no depression (e.g., the size of the second EPSP is equal to the first). The results illustrated in Fig. 3 are somewhat surprising, since the decrement of the second of two EPSPs is not a simple monotonic function of spike interval (see DISCUSSION) .
Recovery from synaptic depression
In some cases recovery from synaptic depression was tested by initiating an additional EPSP 100 s after the end of the synaptic decrement tests at ISIS of 1, 3, IO, and 30 s. For each ISI, recovery was tested at least 5 times. Percentage recovery is defined as 100 x (EPSPll -EPSP1&(EPSP1 -EPSPto)* There are significant differences in recovery of the different ISIS (P < 0.05; H, 13.7; df, 3). Subsequent two-tailed MannWhitney U tests showed that recovery after the I-and 3-s ISIS is significantly greater (a < 0.05) than recovery after the 30-s IS1 Thus recovery is a complex function of ISI, with shorter ISIS leading to more rapid recovery.
Recovery after 300 s was also examined for ISIS of 30 s, The median recovery was 50% (n = S), indicating that after presenting 10 stimuli at an IS1 of 30 s, recovery continues but is still incomplete after 300 s. 
decrement of the sensory neuron EPSP is not
At least 12 cells were examined at each ISI with the amplitude of the first EPSP scored as 100%. There is a complex relationship between synaptic depression and ISI. Thus, while the amount of decrement at intermediate ISIS (3, 10, 30 s) was midway between the l-and 100-s ISIS, the intermediate ISIS did not differ significantly from each other in decrement despite the broad range of intervals. decrement test. As indicated in Fig. 4 recovery is faster for shorter ISIS. Indeed, with short ISIS of 1 and 3 s there is complete recovery in 100 s (see also Fig. 1 ) In contrast, with EPSPs evoked at 30 s the recovery is only 9% (n = 6) after 100 s from the 10th EPSP. This is particularly significant, since for the population of cells used to examine the recovery after 10 stimuli at the 30-s IS1 the median size of EPSPlo is reduced to 53%, while the median size of EPSPro for the ls ISI-decrement test is reduced to 39% of EPSPI. Thus, despite the fact that the depression of the EPSPs at ISIS of 1 s is greater than the depression of ISIS of 30 s, the recovery is greater for the EPSPs elicited at l-s ISIS. Moreover, extrapolation of the curve for the IS1 of 100 s in Fig. 2 indicates that if an 1 lth EPSP were elicited 100 s after the end of a decrement test at an IS1 of 100 s, there would be no recovery. Indeed, there would probably be further depression. a monotonic function of ISI. The synaptic depression at ISIS of 3, 10, and 30 s are nearly identical. Furthermore, the recovery rate of the synaptic decrements is not constant. Shorter ISIS lead to more rapid recovery (Fig. 4) .
The classical depletion model also predicts that the depression of the second of two EPSPs is a monotonic exponential function of ISI. This prediction also fails to apply to the sensory neuron synaptic decrement, where the depression of the second of two EPSPs is a complex function of IS1 (Fig. 3) . Indeed the depression of the second of two EPSPs at an IS1 of 3 s is less than would be predicted by an extrapolation of the depression observed at ISIS of 100 and 30 s. Thus, there may be a slight underlying facilitatory process at short ISIS of 3 and possibly 10 s that opposes the depression. Such a facilitatory process might be the same as that which promotes more rapid recovery with short ISIS and might be related to processes underlying posttetanic potentiation in other sensory cells in Aplysia (unpublished observations).
Thus, these data are inconsistent with a classical depletion model (33) for synaptic depression and indicate that either a single complex function or multiple functions of time and IS1 underlie synaptic depression and recovery at the sensory neuron synapse. Previous data that also run counter to a depletion process underlying synaptic depression were presented by Castellucci and Kande1 (14). They found that depression was independent of extracellular Ca2+. A depletion model would predict that greater extracellular Ca2+ would produce greater depression, since the larger Ca2+ influx with a presynaptic action potential would produce greater release (26) and, therefore, greater depletion of the available store of transmitter, The observation that the depression is independent of initial EPSP size (See RE-SULTS) also tends to refute the hypothesis that depletion underlies synaptic depression at the sensory neuron synapse, but these data are indirect in the absence of measurements of the underlying synaptic conductance.
Recently Klein et al. (28; see also Ref. 27) have proposed that inactivation of the presynaptic Ca2+ current contributes to the synaptic depression. Such a mechanism is consistent with the results presented here, but whether the properties of the Ca2+ channel quantitatively account for all the features of synaptic depression is still unknown.
The rapid recovery from depression with short ISIS is interesting since it may serve as an intrinsic mechanism to counterbalance synaptic depression due to strong stimuli. Strong stimuli generally produce less habituation than weak stimuli (38, 4 1 ), an effect traditionally explained by an independent sensitization process that counterbalances the habituation (20), Such an extrinsic mechanism may contribute to the kinetics of habituation of the gill-withdrawal reflex, since the reflex can readily be sensitized ( 10, 15, 16, 32, 38) and interneurons activated by siphon input have been identified that oppose habituation by causing heterosynaptic facilitation of the sensory neurons (22). However, the results presented here indicate that the sensory neurons may also have intrinsic mechanisms capable of resisting synaptic decrement when the cells are stimulated at a rapid rate. In particular, a strong mechanical stimulus produces a high-frequency burst of action potentials in the sensory neurons (5, 6). While the EPSPs may decrement during the spike burst, the present results indicate that the spike burst may (Fig. 2) followed by exceedingly slow recovery (Fig. 4) , analogous to the slow recovery from habituation observed in behavioral studies (38).
It is interesting to speculate on possible mechanisms that may account for the data, In principle, any mechanism that leads to decreased influx of Ca2' into the terminal could produce synaptic depression. Possibilities include decreased spike invasion of the terminal, decreased spike width, or direct modulation of the terminal Ca2+ conductance. It seems unlikely, however, that any one of these possibilities accounts fully for the kinetics of synaptic depression and its recovery, in particular the similarity of the depressions at ISIS of 3, 10, and 30 s and the rapid recovery from depression at short ISIS. The kinetics of depression could be explained by the presence of an additional underlying facilitatory process that opposes the depression produced by a mechanism such as inactivation of the Ca2+ channel. At the neuromuscular junction, it has been suggested that successive action potentials initiated at short interstimulus intervals can lead to increased intracellular Ca'+ levels and that this increase leads to synaptic facilitation (25, 39, 42; see also Refs. 16a, 30). It seems possible that intracellular Ca2+ accumulation at short ISIS underlies the proposed op-
